Abstract. Leukemia represents a spectrum of hematological malignancies threatening human health. Resistance to treatments and metastasis of leukemia are the main causes of death in patients. Leukemia stem cells (LSCs) are the initiating cells of leukemia as well as the main source of drug resistance, invasion and metastasis. Consequently, eliminating LSCs is a prerequisite to eradicate leukemia. Preliminary studies in our laboratory have shown that chemokines and their related receptors play an important role in the drug resistance and metastasis of leukemic cells. In this study, we obtained high migration drug-surviving (short term) MOLT4 cells (hMDSCs-MOLT4) with treatment of doxorubicin (DOX) after Transwell assay. Then we detected stem cellassociated molecular markers on hMDSCs-MOLT4 cells and the parental MOLT4 cells by FCM, QPCR, western blotting, H&E staining and immunohisto chemistry experimental techniques in vitro and in vivo. Moreover, we explored its impact on drug resistance and tumor formation. Then we found that compared with the parental MOLT4 cells, the mRNA expression levels of stem cell-related factors Sox2, Oct4, C-myc, Klf4, Nanog, Bmi-1, CXCR4 are increased in hMDSCs-MOLT4 cells, together with the protein expression levels of Sox2, Oct4, Klf4, Nanog, CXCR4 and CD34. Our results indicated that hMDSCs-MOLT4 cells exhibited strong drug resistance and certain cancer stem cell-like characteristics. It is the first indication that the targeting stemness factors such as Sox2, Oct4, Klf4, Nanog and CXCR4 may represent plausible options for eliminating T-ALL stem-like cells. The present findings shed light on the relationship between drugtolerant leukemic cells and cancer stem cells.
Introduction
The major causes of treatment failure for patients with leukemia are drug resistance and metastasis and traditional therapies cannot eradicate all aggressive leukemia cells. New chemotherapy drugs and hematopoietic stem cell transplantation technology have improved the remission and disease-free survival rate of leukemia patients, but still fail to prevent drug resistance and metastasis (1) . One generally accepted theory is that leukemia is maintained by leukemia stem cells (LSCs) (2) , which are quiescent and do not respond well to cell cycle-specific cytotoxic agents used to treat leukemia. It is therefore impossible to eradicate leukemia unless LSCs were eliminated (3, 4) .
Cancer stem cells (CSCs) are tumor-initiating and tumorpropagating cells with enhanced resistance to chemotherapeutic drugs. Vice versa, tumor cells resistant to chemotherapeutic drugs have been shown to display certain phenotypes and characteristics of CSCs (5) . For example, colon cancer cells treated with chemotherapy drugs exhibit CSC phenotypes (6) . It is therefore speculated that drug-tolerant or drug-surviving tumor cells may be enriched in CSCs. In recent years, some CSC properties such as multidrug resistance (7, 8) and high migration ability have been employed to isolate CSCs (9) . (10, 11) . Sox2, Oct4, Nanog, C-myc and Klf4 play essential roles in stem cell maintenance (12) (13) (14) . Research from the Tang laboratory (14, 15) has demonstrated that Nanog may also play an important role in the self-renewal of CSCs. Lessard et al (16) have reported that Bmi-1 is a key factor in maintaining the self-renewal of LSCs although it is not required for the initial leukemia development.
Evidence that high-migration drug-surviving MOLT4 leukemia cells exhibit cancer stem cell-like properties
Both CXC chemokine receptor 4 (CXCR4) and cell adhesion ligand receptor CD44 have been implicated in leukemia recurrence and metastasis. CXCR4 regulates tumor cell homing and migration (17) and has been implicated in maintaining prostate cancer stem-like cells and in the drug resistance of breast cancer stem-like cells to tamoxifen (18, 19) . Moreover, CXCR4 has become a new target for the treatment of LSCs (20) . On the other hand, the role of CD44 in LSCs seems to be controversial. Some studies suggest that CD44 contributes to the drug-resistance of LSCs to chemotherapeutics and promotes leukemia development (21) , consistent with the reported involvement of CD44 in maintaining the stemness characteristics and tumor metastasis of prostate CSCs (22) . On the other hand, there are also studies suggesting that CD44 (23) may also inhibit growth of tumor cells. Therefore, it will be worthwhile to explore the functions of CXCR4 and CD44 in the invasion and metastasis of leukemic cells or LSCs.
The aim of this study is to investigate the biological properties of chemotherapy-resistant leukemic cells with an ultimate goal of developing novel therapeutic strategies against the relapse of leukemia. Through our experiments we demonstrated that hMDSCs-MOLT4 cells possess many CSC-like phenotypes and properties.
Materials and methods

Cell lines and cell cultures. Human leukemia cell lines K562
(Chronic Myelogenous Leukemia cell line), HL60 (Acute Promyelocytic Leukemia cell line), MOLT4 (T-cell acute lymphocytic leukemia cell line, T-ALL) were obtained from ATCC and cultured in RPMI-1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% FBS (Life Technologies, Grand Island, NY, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml). All cells were cultured in a humidified incubator at 37˚C with 5% CO 2 . Only cells in the logarithmic phase of growth were used for experiments.
MTT assays. Cells re-suspended in RPMI-1640 supplemented with 10% FBS were added into 96-well plates at 5000 cells/well in 100 µl medium. Doxorubicin (DOX) was then added to cells at final concentrations of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and 1.8 µg/ml. Each drug concentration was set up in triplicate wells with no-drug wells as controls. After incubation at 37˚C with 5% CO 2 for 24 h, 10 µl MTT solutions were added to each well for additional 4 h. Cells in the plates were centrifuged at 1000 rpm for 20 min and then 100 µl DMSO was added to each well to dissolve any precipitate. Finally, cells were placed on a shaker at low speed for 20 min to fully dissolve the crystals and absorbance values were obtained by reading at OD 570 on a micro-plate reader. Immunofluorescence. Cells were plated and cultured on sterilized polylysine-coated coverslips for 15 min followed by washing in PBS. To label the CXCR4 protein, cells were first fixed in 4% paraformaldehyde in PBS for 10 min, permeabilized in 0.1% Triton X-100 for 3 min at room temperature, followed by incubation with an anti-CXCR4 antibody at 4˚C overnight. After washing in PBS, samples were incubated with an FITC-linked secondary antibody in the dark at room temperature for 30 min and then glass slides mounted in 90% glycerol. Images were visualized and acquired with an epifluorescence microscope.
Establishment of drug-surviving cells (DSCs
Flow cytometry. Cells were harvested through centrifugation and washed once with cold PBS. Then the cells were incubated with FITC-anti-CD34, FITC-anti-CD38, PE-anti-CD44, PE-anti-CXCR4 (R&D Systems; Minneapolis, MN, USA), or PE-anti-P-gp (eBioscience, San Diego, CA, USA) antibodies in the dark at 4˚C for 30 min, followed by washing in ice-cold PBS and finally re-suspended in 500 µl PBS for flow cytometric analysis (Beckman, Miami, FL, USA). As control, cells were stained with the matching isotype control Abs.
RNA preparation, reverse transcriptase-polymerase chain reaction (RT-PCR) and real-time quantitative PCR.
Total RNA was isolated from MOLT4 cells and hMDSCs-MOLT4 using TRIzol reagent (Invitrogen, Merelbeke, Belgium) according to the manufacturer's instructions. The concentration and purity of total RNA were determined using spectrophotometry. RT was carried out with 500 ng of total RNA from each sample using the RNA PCR kit (Promega, Madison, WI, USA). Target mRNAs analysed included those coding for P-gp and GAPDH. PCR products (10 µl) were separated on 3% agarose gels, and the gel imaging system (Vilber Lourma, Marne-la-Vallée, France) was used to scan the gel and quantify the levels of expression. Amplification of GAPDH was used as the control. As to the real-time quantitative PCR, All-in-One™ qPCR mix (GeneCopoeia, Rockville, MD, USA) and the primers for Sox2, Oct4, c-Myc, Klf4, Nanog, and Bmi-1 were used to assess their relative mRNA quantities. The Roter-Gene software was employed to derive amplification and melting curves, and to calculate the ratios of expression of target mRNAs in hMDSCs compared with MOLT-4 cells using the 2 -∆∆CT method.
Western blot analysis. MOLT4 cells and hMDSCs-MOLT4 were harvested and washed with PBS once and lysed in RIPA buffer. Protein content was then determined by the BCA assay. The extracted proteins were separated in a 12% SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes. The membranes were first blocked with 5% (w/v) nonfat dry milk (NFDM) in TBST and then probed with the indicated primary antibodies with gentle shaking at 4˚C overnight. After washing three times (5 min per time), the membranes were incubated with the HRP-conjugated secondary antibodies for 2 h. The signals were detected using an enhanced chemiluminescence detection kit (Thermo Scientific, Rockford, IL, USA). Western blot analysis was performed using the following antibodies: anti-Sox2 (R&D Systems), anti-Oct4 (R&D Systems), anti-cMyc (R&D Systems), anti-Bmi-1 (R&D Systems), anti-Klf4 (Abcam) and anti-Nanog (Abcam) antibodies, anti-GAPDH (Protech) and secondary antibodies were obtained from Guge Biology Company.
Measurement of cell proliferation by Cell Counting Kit-8 (CCK-8).
Cells at 1.5x10 4 /ml were added to 96-well plates in 100 µl/well. Each condition was run in 6 repeats and the plates were cultured in regular CO 2 incubator. At 24, 48 and 72 h, 10 µl of CCK-8 solution was added to each well for an additional 3 h of culture before termination. Cell numbers were deduced by reading absorbance at OD 450 on a microplate reader.
Tumor formation ability of MOLT-4 and hMDSCs-MOLT4
in vivo. SCID (severe combined immunodeficiency) mice were obtained from Huafukang Institute (Beijing, China) and raised in Individual Ventilated Cages in Wuhan University Center for Animal Experiment/Animal Biosafty Level Ⅲ laboratory. Experiments using animal were approved by the Medical Ethics Committee of Wuhan University School of Medicine. Under sterile conditions, MOLT-4 cells and hMDSCs-MOLT4 cells were injected subcutaneously into the SCID mice (1.5x10 6 per mouse). Animals were observed and weighed, and tumors measured and weighed every other day. Tumor volume was estimated using the formula V=1/2 (length x width 2 ) x Mice were sacrificed after the tumors grew for 7 days, and tumor tissue sections were analyzed by hematoxylin and eosin (H&E) and immunohisto chemistry staining.
H&E and immunohistochemical staining. Tumor tissues from all xenografts were processed following the routine procedure after 24 h fixation. Tumor tissue sections were stained with H&E. For immunohistochemistry, all samples were incubated at room temperature and washed with PBS. Tumor tissue sections of 4 µm on glass slides were deparaffinized and rehydrated. Antigen retrieval was performed in a pressure cooker at 110˚C for 5 min in retrieval buffer. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Tumor tissue sections were then incubated with anti-CXCR4 or CD44 antibody (Abcam, USA) for 30 min. Immunocomplexes were detected after incubation with HRP (horseradish peroxidase) polymer for 30 min followed by incubation with DAB plus substrate for 10 min. Normal IgG from the same species of the primary antibody and diluted to match the concentration of the primary antibody was used as the negative control. Images were analyzed using Image-Pro Plus 6.0 software by obtaining positive integrated optical density (IOD. The average IOD value of all photos in each group was used to represent the IOD of the group and expressed as the mean ± SD.
Statistical analysis. All experiments were repeated at least three times. Experimental data were expressed as mean ± SD, using SPSS17.0 statistical software for data analysis of variance (ANOVA) and Student's t-test. P<0.05 was considered statistically significant.
Results
Response of three leukemia cell lines to doxorubicin (DOX).
We first used MTT assays to evaluate the effects of DOX on three leukemia cell lines, i.e., HL60, K562, and MOLT4. We determined the IC 50 of HL60, K562, and MOLT4 cells to DOX treatment to be 1.05, 1.35 and 0.6 µg/ml, respectively. In all subsequent experiments, we used DOX at the above IC 50 concentrations to treat cells over 48 h followed by collecting drug-surviving cells.
Analysis of CXCR4 expression in drug-surviving cells.
CXCR4 and its ligand CXCL12 are highly expressed on acute promyelocytic leukemia stem cells and involved in regulating the migration of LSCs. We used flow cytometry (FCM) and immunofluorescence microscopy to assess the CXCR4 expression levels in HL60, K562, and MOLT4 cells and their drug-surviving cells (DSCs). There was no significant difference in CXCR4 expression between drug-surviving HL60 and K562 cells and their corresponding parental cells (Fig. 1A-C) . However, compared with the parental cells, drug-surviving MOLT4 cells expressed much higher levels of the stem cell surface marker CXCR4 (45.8% vs. 4.8%; P<0.05; Fig. 1A and C). In addition, we detected CXCR4 mRNA expression in MOLT4 cells and MOLT4 DSCs. The result showed increased CXCR4 mRNA expression in hMDSCs-MOLT4 vs. MOLT4 cells (n=5, P<0.05) (Fig. 1D) .
Stem cell-like properties of hMDSCs-MOLT4 cells.
Next, we employed flow cytometry to examine the expression levels of several stem cell related markers including CD34, CD38, CXCR4, and CD44 in hMDSC-MOLT4 cells. The results showed that the expression levels of CD34 and CD38 on MOLT4 and hMDSC-MOLT4 cells were 0.2% vs. 1.7%, and 0.3% vs. 2%, respectively (Fig. 2) , suggesting upregulation of both molecules in hMDSC-MOLT4 cells. CXCR4 expression went up significantly, from 0.5% in MOLT4 cells to 23.3% in hMDSC-MOLT4 cells (n=5, P<0.05) (Fig. 2) .
In contrast to the upregulation of the above three molecules, CD44, one of the cell adhesion molecule (CAM) family members associated with proliferation of some tumor cells (including multiple myeloma and AMl cells) and with drug resistance, did not show significant alterations. In fact, its expression showed a slight decrease, from 37.5% in MOLT4 cells to 30.3% in hMDSC-MOLT4 cells (Fig. 2) .
Increased drug resistance in hMDSCs-MOLT4 cells.
P-glycoprotein (P-gp) is one of the cell surface pump proteins that mediate drug resistance (24) . We first used FCM to assess P-gp protein expression in MOLT4 and hMDSCs-MOLT4 cells. The results revealed increased P-gp in MOLT4 (3.5%) vs. hMDSCs-MOLT4 (13.8%) cells (n=6, P<0.05) (Fig. 3A  and B) . Consistent with the FCM data, RT-PCR analysis also demonstrated increased P-gp mRNA expression in hMDSCs-MOLT4 cells in comparison to MOLT4 cells (Fig. 3C) . In addition, MTT assays showed that the IC 50 values of parental MOLT4 cells and hMDSCs-MOLT4 cells were 0.451 and 0.718, respectively (n=6, P<0.05) (Fig. 3D) , indicating enhanced drug resistance of hMDSCs-MOLT4 cells. (Fig. 4A) . The protein level of Sox2, Oct4, Klf4 and Nanog were also up regulated in hMDSCs-MOLT4 cells (Fig. 4B) . Decreased proliferation of hMDSCs-MOLT4 cells. We use the CCK8 assay to determine the relative cell proliferation. In this assay, CCK-8 is reduced to formazan by some intra cellular dehydrogenase enzymes released by the mitochondria in (Fig. 5) .
Increased expression of stem cell-related molecules in
Tumorigenicity of MOLT4 and hMDSCs-MOLT4 cells.
We then determined the tumorigenic potential of MOLT4 and hMDSCs-MOLT4 cells by injecting equal numbers of the two cell types subcutaneously in SCID mice. We did not observe any differences in the groups of mice with respect to hair coat, body weights and overall animal well being. However, the injected hMDSCs-MOLT4 cells developed much smaller and slower-growing tumors than MOLT4 cells (Fig. 6A) . The group injected with MOLT4 cells developed tumors as early as 7 days post-injection whereas the group injected with hMDSCs-MOLT4 cells did not develop tumors until 17 days after tumor cell injections. Histological evaluations by H&E staining of tumor tissues indicated that the hMDSCs-MOLT4 tumors appeared to have more abundant connective tissues and blood vessels (i.e., tumor stroma) (Fig. 6B) .
Finally, we analyzed, by IHC, the expression of CXCR4 and CD44 in tumor tissue sections. The results demonstrated that tumors derived from hMDSCs-MOLT4 cells showed significantly higher levels of CXCR4 (n=9, P<0.01; Fig. 6C and D) but slight lower levels of CD44 compared to tumors derived from MOLT4 cells (Fig. 6C and D) .
Discussion
Some evidence has demonstrated that LSCs contribute to treatment failure. However, few studies have focused on the relationship of drug surviving leukemia cells and LSCs, not to mention the high migration drug surviving cells. Herein, we found that, compared with the parental cells, drug-surviving (short-term) MOLT4 cells expressed much higher levels of the stem cell surface marker CXCR4 which also related to the tumor metastasis. Then we have paid close attention to these hMDSCs-MOLT4 cells. For the first time, we explore stemness, drug resistance and metastasis in hMDSCs-MOLT4 cells.
It has been reported that CD34, CD44, Sox2, Oct4, Nanog are the markers of cancer stem/progenitor cells and play an important role in maintaining their 'stemness' (25).
C-Myc and KLF4 can maintain the stemness of stem cells and promote tumor formation (26) . Bmi-1 is related to the self-renewal of leukemia stem cells (16) . Another study showed that overexpression of C-Myc, Bmi-1, Oct4, Nanog in precancerous and cancerous cells may initiate oncogenic epithelial-mesenchymal transition and tumorigenesis, which plays important roles in the genesis of cancer stem cells (CSCs), malignant tumor initiation and progression, cancer metastasis, and drug resistance (27) . In this study, hMDSC-MOLT4 cells have some characteristics of leukemia stem-like cells with high expression of CD34, CXCR4, SOX2, OCT4, C-Myc, KLF4, Nanog and BMI-1.
The emergence of resistance to chemotherapy by tumor cells, when combined with metastasis, is the primary driver of mortality in cancer patients (28) . The hMDSCs-MOLT4 cells, possessing some stemness of LSCs, highly expressed P-gp and demonstrated enhanced drug resistance of these cells. As is well known, metastasis is one of the primary biological characteritics of malignant tumors and the most important factor for the prognosis. We found that the expression of CXCR4, which is related to tumor cell homing and migration, was significantly higher in hMDSCs-MOLT4 cells than in MOLT4 cells. We also confirmed the high expression CXCR4 in tumor sections in vivo.
In addition, hMDSCs-MOLT4 cells seem to have a strong invasive potential in vivo, evidenced by strong interstitial and vascular tissues in tumor tissue sections. At the same time, the results showed that hMDSCs-MOLT4 cells exhibit decreased proliferation ability in vitro and in vivo. In line with our results, Stiehl et al reported that leukemia stem cells have a lower proliferative activity than other mitotic cell types and their replication is the rate-limiting process during expansion of leukemic cells. Moreover, slower cycling LSCs are the potential risk leading to relapse (29) . Therefore, we speculate that hMDSCs-MOLT4 cells show similar characteristics with LSCs.
In this study, we also paid attention to another molecule, i.e., CD44. Researchers have reported that its high expression level is often related to proliferation and drug resistance in some tumor cells whereas some other studies presented opposite results (22, 23) . We observed a slight decrease in CD44 expression in hMDSCs-MOLT4 cells in vitro and in vivo. In addition, we also observed that slightly decreased expression of CD44 was correlated with decreased proliferation of hMDSCs-MOLT4 cells in vivo and in vitro. Herein, we did not find the closed relationship between CD44 molecules and migration and drug resistance.
Prud'homme (30) suggests that CXCR4 and its ligand CXCL12 are metastasis-related key target molecules in the therapy of CSCs. Carter et al propose that imatinib combined with other drugs that target self-renewal and induce apoptosis could enhance the effect of imatinib on CMl cells (31) . Our studies on hMDSCs-MOLT4 cells suggest that targeting stemness factors such as Oct4, Nanog, Sox2, Klf4 and CXCR4 may represent plausible options for eliminating T-ALL stem-like cells. Furthermore, an appropriate combination of drugs targeting the above mentioned stem cell factors and conventional chemotherapeutic agents may be a promising new treatment strategy. Finally, hMDSCs-MOLT4 cells may be used as a good research tool for finding novel drugs that could target cancer stem-like cells and prove to be effective in managing the relapse and metastasis of T-ALL.
In conclusion, the present study demonstrated that hMDSCs-MOLT4 cells exhibited strong drug resistance and certain cancer stem cell-like characteristics. For the first time, we proposed that stemness factors such as Sox2, Oct4, Klf4, Nanog and CXCR4 may be used as targets for eliminating T-ALL stem-like cells. It indicated that high migration drug surviving leukemia cells in T-ALL patients were likely to play a similar role to that of LSCs, and were probably important in the relapse of T-ALL. These findings provide new possibilities in understanding the relationship between high migration drug surviving leukemia cells and LSCs, and may present a new research direction for T-ALL relapse.
